To search for proprioceptive nerve terminals in human ciliary muscle. METHODS. In 48 human donor eyes, histologic and ultrathin sections cut in different planes and wholemounts of the ciliary muscle were studied. Immunohistochemical staining with antibodies against pan-neuronal antigens and antigens reported as markers for sensory terminals in other organs was performed. RESULTS. Among the markers for proprioceptive terminals, only calretinin was present in the ciliary body. Calretinin-immunoreactive (IR) nerve terminals surrounded the posterior and reticular ciliary muscle tips and their elastic tendons. Terminals in that region contained mitochondria and neurofilaments. At the anterior tips larger terminals with numerous membranefilled vesicles were located between the muscle fibers. The most elaborate network of calretinin-IR nerve fibers was present in the ground plate covering the circular muscle portion. Here calretinin-IR neurons with morphologic features of mechanoreception were present. Within the circular muscle portion numerous calretinin-IR ganglion cells were found. Their processes were connected to the calretinin-IR network but also surrounded ciliary muscle cells and NADPH-diaphorase-positive ganglion cells. CONCLUSIONS. These morphologic findings indicate that there are proprioreceptors in the ciliary muscle that morphologically and presumably functionally differ at different locations. At the posterior muscle tips, the receptors could measure stretch of the tendons, whereas the large receptor organs located at the anterior muscle tips morphologically resemble mechanoreceptors measuring shear stress. The presence of the numerous intrinsic nerve cells indicates that contraction of the circular muscle portion can be modulated locally via a self-contained reflex arc. (Invest Ophthalmol Vis Sci. 2009;50:5529 -5536) 
T he complex process of accommodation in primates is mediated by the ciliary muscle that, by configurational changes of its three portions, moves anterior inwardly, thereby influencing the tension of the zonular fibers and thus the shape of the lens. This complicated process is reflected in the structure of the ciliary muscle itself. Unlike smooth muscle seen in vessels or gut wall, the ciliary muscle has tendons for anterior and posterior attachment and the muscle cells exhibit a regular array of dense bands and dense bodies resembling Z-stripes 1, 2 and histochemical staining qualities, similar to striated muscle. 3 The innervation of the ciliary muscle also differs from that of vessel or gut wall smooth muscle. Ciliary muscle cells are extremely densely innervated by cholinergic parasympathetic terminals of the oculomotor nerve 1,4 -6 and lack gap junctions. 2, [7] [8] [9] Additionally, there are large numbers of intrinsic nerve cells staining for NADPH diaphorase and nitric oxide synthase (NOS). 10 These cells are present only in those primate species with a well-developed fovea centralis. 11 In human eyes approximately 900 such cells are found in total, localized only in the inner circular and reticular portions of the ciliary muscle, where they are assumed to induce relaxation of the muscle cells. 10 In contrast to this prominent efferent innervation, sparse data exist about the muscle's afferent neurons. Large nerve endings are present in the scleral spur of human eyes, where the tendons of the outer longitudinal ciliary muscle portion insert. 12, 13 Also within the trabecular meshwork, where tendons of the ciliary muscle radiate to form connections between the muscle and the aqueous humor outflow region, afferent terminals staining for calcitonin gene-related peptide (CGRP) and substance P (SP) are often found in contact with elastic fibers. 13 Similar results have also been obtained for the monkey eye.
14 Morphologically, these nerve endings resemble the afferent terminals of visceral mechanoreceptors measuring stretch or distension.
The presence of afferent nerve endings perceiving tension or shearing forces in smooth muscle is not unusual. In the gastrointestinal tract, abundant endings have been located in the connective tissue between the two muscle layers of the muscular wall (for reviews see Refs. [15] [16] [17] . In other tissues such as vasculature (for reviews see Refs. 18 -20) , periodontal tissue (for reviews see Refs. 21, 22) , urogenital, 23, 24 and respiratory tract (for reviews see Refs. [25] [26] [27] [28] , afferent endings representing proprioreceptors have been described. In most cases the putative muscular mechanoreceptors express the calcium-binding proteins calretinin and calbindin. 16,29 -34 Within the vagal mechanosensory terminals in the tunica muscularis of the esophagus (the intraganglionic laminar endings) and in vagal bronchopulmonary and skeletomuscular mechanosensors, the presence of vesicular glutamate transporter 2 (VGLUT 2) has been detected. 16 The complex process of ciliary muscle contraction and its significance for dynamic, precise, and rapid visual focus on objects at any distance suggests the existence of afferent proprioreception to modulate the rapid and controlled adjustment of the fine muscle movements needed for efficient accommodation and disaccommodation. In the present study, we have, therefore, examined the entire human ciliary muscle and its posterior and anterior tendons with respect to proprioreceptive nerve endings using immunohistochemical staining methods applied to sections cut in different planes and to various wholemount preparations. Additionally, selected specimens fixed in glutaraldehyde were investigated ultrastructurally.
MATERIALS AND METHODS

Eyes
Forty-eight eyes from 29 human donors (age range, 38 -91 years) were investigated. The eyes were obtained from the Institute of Anatomy in Erlangen or from the cornea bank in Amsterdam, after appropriate consent and in accordance with the Declaration of Helsinki and local regulations. Most of the Amsterdam eyes had been trepanized for corneal transplantation; those lacking muscle tips were used only for investigation of the inner and posterior muscle portions. No donor had a known history of ocular disease. After a postmortem time of 5 to 28 hours, the enucleated eyes were fixed at 4°C in neutral buffered 4% paraformaldehyde (24 hours) for immunocytochemistry or (4 -8 hours) for NADPH-diaphorase. Specimens used for ultrastructural investigation were immersed in Ito's solution. After fixation, the paraformaldehyde-fixed eyes were washed for 24 hours at 4°C in PBS alone (for demonstration of NADPH-diaphorase) or in PBS using graded saccharose concentrations for cryoprotection of eyes that were to be stained immunohistochemically. Ito-fixed specimens were rinsed in cacodylate buffer. The washed eyes were cut equatorially behind the ora serrata, and the anterior halves were processed further as described.
Immunohistochemistry
Staining of Cryostat Sections. The anterior halves of the eyes were freed from the lens and dissected into four quadrants. From each quadrant 2-to 3-mm-wide and 5-to 6-mm-wide wedgeshaped specimens were cut and frozen in isopentane precooled with liquid nitrogen. From the 2-to 3-mm-wide specimens, cryostat sections were cut from each quadrant at a thickness of 16 m in a sagittal (meridional) plane. From the 5-to 6-mm-wide specimens, series of 20-to 50-m-thick sections were cut in frontal (from the iris to the retina) and tangential (parallel to the surface of the sclera and cornea) planes. Sections were mounted on 0.1% poly-L-lysinecoated slides and allowed to dry for several hours. After preincubation in 1% dry milk solution for 15 minutes, the sections were incubated with the primary (Table 1 ) and appropriate Alexa Fluor 488 -or Alexa Fluor 555-labeled immunoglobulin G secondary antibody (MobiTec, Göttingen, Germany). For several sections, double-staining was also performed combining calretinin with panneuronal antibodies or those against neural cell adhesion molecule (NCAM), calbindin, tyrosine hydroxylase, substance P, neuronal nitric oxide synthase (nNOS), vesicular acetylcholine transporter (VAChT), or ␣-smooth muscle (SM) actin.
Duration of incubation was in accordance with the manufacturer's instructions. Negative control experiments were performed using either PBS or mouse or rabbit preimmune serum substituted for the primary antibody. After washing in PBS three times for 10 to 30 minutes each time, the sections were mounted in Kaiser's glycerin gelatin (Merck, Darmstadt, Germany). The immunostained slides were viewed with a Leica microscope (DMR; Leica Microsystems GmbH, Wetzlar, Germany). Some of the sections were viewed with a confocal laser scanning system (MRC600; Bio-Rad Microscience Ltd., Hemel Hempstead, UK) attached to an inverted fluorescence microscope (Diaphor 800; Nikon, Düsseldorf, Germany) and equipped with a krypton-argon-laser.
Staining of Wholemounts.
Ten eyes were used for wholemount preparations. The anterior half of each eye was freed from the lens and cut into four quadrants. Using scissors or blades, the pigment epithelium of the iris and of the pars plana region was carefully scraped off. The tips of the ciliary processes were also cut off with utmost caution to expose undisturbed the underlying connective tissue of the ciliary body.
NADPH Diaphorase. NADPH diaphorase staining was performed using frozen sections and wholemount specimens fixed for 4 to 8 hours in paraformaldehyde. After washing three times in PBS (pH 7.4), the sections or wholemounts were incubated in NADPH diaphorase staining solution containing 2 mg nitroblue tetrazolium chloride (Serva, Heidelberg, Germany), 30 L Triton X-100, and 10 mg NADPH (Biomol, Hamburg, Germany) in 10 mL of 0.1 M PBS for 2 to 6 hours. After washing again in PBS, the sections or wholemounts, or both were either processed for immunohistochemical staining using calretinin antibodies as described or mounted on slides (wholemounts) with Kaiser's glycerin gelatin.
Electron Microscopy
Specimens were cut from segments from each quadrant of five eyes fixed in Ito's solution and were processed for electron microscopy. After postfixation with 1% osmium tetroxide, the specimens were dehydrated with graded alcohols and embedded in Epon (Roth, Karlsruhe, Germany). Serial meridional, frontal, and tangential semithin sections were cut on a microtome and stained with Richardson's stain. Ultrathin sections were treated with lead citrate and uranyl acetate and were evaluated under an electron microscope (EM 902; Zeiss, Oberkochen, Germany). 
RESULTS
Immunohistochemical staining with antibodies against VGLUT 2 and calbindin as markers for afferent innervation in other muscular systems showed only single fine nerve fibers within larger nerve bundles. There were no terminals stained within the ciliary muscle at the muscular tendons or in the connective tissue of the ciliary body. CGRP-, tyrosine hydroxylase-, neuropeptide Y-, and SP-immunoreactive (IR) nerve terminals were present at vessels within the muscle and ciliary processes, whereas CGRP-and SP-IR terminals were also seen at the anterior insertion of the muscle in the trabecular meshwork. The remaining ciliary muscle and the transition zone between muscle tips and tendons were free of these markers. Staining for VAChT was restricted to the nerve terminals around the ciliary muscle cells. There was no staining at the anterior and posterior tendons. Immunoreactivity for nNOS and NADPH-diaphorase staining were seen in fibers and cells that were confined to ganglion cells within the circular and reticular portions of the ciliary muscle, as described previously. 10 However, using antibodies against calretinin, there was a consistent, intensive, and specific staining pattern at the posterior muscle tips and within the connective tissue adjacent to the inner portion of the muscle.
Posterior Portion of the Ciliary Muscle
Wholemounts and tangential sections revealed that here the posterior ends of the outer longitudinal ciliary muscle taper and form irregular, slender, starlike configurations connected to the posterior elastic tendons that radiate into the elastic network of the choroid. In this region, calretinin-labeled fibers formed an irregular net surrounding the tips of the muscle fibers and their transition into the elastic tendons with terminals. This could be seen even more clearly in wholemounts and sections double-stained for calretinin and ␣-SM actin (Fig. 1A) . Single calretinin-IR cells were embedded within the calretinin-IR fiber net showing numerous processes connected to the nerve fiber plexus. Double-staining with the neuronal marker PGP 9.5 confirmed the neuronal nature of these cells.
At the inner longitudinal and reticular portion, the muscle developed short tendons anchoring in the continuation of Bruch's membrane and surrounding the parallel-arranged pars plana vessels. 35 These inner tips of the muscle and the origin of their tendons were surrounded by calretinin-IR nerves and terminals that appeared less dense than seen further posteriorly. At the ultrastructural level, nerve terminals with numerous mitochondria contacted the origin of the tendons (Fig. 1B) .
Anterior Portion of the Ciliary Muscle
At the tips of the anterior longitudinal portion, single calretinin-IR axons were seen running circularly around the circumference of the eye. In some eyes they formed a very loose and delicate net with bouton-like swellings within the uveal and corneoscleral network ( Fig. 2A ). There were, however, numerous neurofilament-and synaptophysin-IR nerve fibers and endings within the muscle tip itself and at the transition toward the trabecular meshwork and scleral spur. Electron microscopy showed small terminal endings with mitochondria and close connection to the elastic-like tendons, similar to those seen at the posterior inner muscle tips (Fig. 1B) . In addition, in this anterior region there were large terminal endings with vesicles, neurofilaments, and lamellar bodies. These terminals were located between muscle fibers and were in close contact with the elastic-like tendinous insertion into the trabecular meshwork (Figs. 2B, C) .
Inner Portion of the Ciliary Muscle
In addition, there were calretinin-IR nerves and their terminals that were most prominent in the anterior inner portion of the ciliary body in the connective tissue ground plate located between the circular portion of the ciliary muscle and the ciliary processes. Anteriorly these fibers joined a nerve fiber ring surrounding the major iridal circle at the iris root, whereas posteriorly they reached toward the end of the circular portion and the beginning of the brush-like elastic tendons of the reticular portion of the muscle inserting into the anterior extensions of Bruch's membrane (Fig. 3A) . Depending on the state of contraction of the muscle and individual variations, this posterior extension of the calretinin-IR nerve fiber plexus 
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ended either in the transition zone between pars plicata and pars plana (9 of 48 eyes) or more anteriorly in the region of the pars plicata.
Using serial sections performed in sagittal, transversal, and frontal planes through the ciliary body, it could be seen that the nerve fibers formed a net-like structure with a circumferential orientation. These findings were confirmed by wholemount preparations that had been carefully freed from the ciliary processes to expose the inner aspect of the connective tissue layer. In these preparations, at places, smaller and larger basket-like networks were seen within this circumferentially arranged calretinin-IR net. Especially dense and fine nerve fibers with bouton-like formations and swellings were seen in the connective tissue of the ground plate connected to the muscle cells of the circular portion and extending into the connective tissue between the innermost muscle cells (Fig. 3A) .
Apart from nerve fibers there were also calretinin-IR cells that stained for other neuronal markers (e.g., PGP 9.5). These nerve cells were bipolar or more often star-shaped, showing several processes. At the ultrastructural level, there were ganglion cells in that region that were surrounded by axonal varicosities. At places, the basement membrane of these cells was in direct contact with the surrounding connective tissue (Fig. 3B) .
Not only were such calretinin-IR cells present in the region of the calretinin-IR net adjacent to the ciliary muscle, they were even more numerous within the circular and reticular portions of the ciliary muscle. Most of the cells were 15 to 30 m in diameter and showed several long processes, thus resembling neurons. These cells had their perikarya always within the perimysial connective tissue, whereas their processes ran even over longer distances to approach the ciliary muscle cells and to form varicosities along the surfaces of the muscle cells (Fig. 3C) . Other processes were seen to join the calretinin fiber net in the ground plate or to contact other neuronal cells and processes within the ciliary muscle. These cells also stained for neurofilaments and PGP 9.5, confirming their neuronal nature. A few cells did not stain for calretinin but were immunoreactive only for PGP 9.5 and neurofilaments. Using the antibodies for the neuronal marker NCAM, immunoreactive neurons and their dendritic processes were clearly visible.
All neurons were surrounded by synaptophysin IR-boutons (Fig. 3C) . At the ultrastructural level, neuronal cells within the ground plate (Fig. 3B) were seen that were surrounded in places by varicosities and showed close connection to the connective tissue. Within the ciliary muscle, neurons were found that had long cytoplasmic processes surrounding the muscle cells and varicosities with numerous mitochondria (Fig. 3D) .
Staining for NADPH-diaphorase confirmed our previous results, namely that there were cells positive for this enzyme in the circular and reticular portions of the ciliary muscle. 10 Among them only single cells were double stained with cal- retinin. There were, however, calretinin-IR endings surrounding the NADPH-diaphorase-positive cells (Fig. 3E ).
Ground Plate Adjacent to the Zonular Attachment at the Ciliary Epithelium
In addition to the calretinin-IR nerves and terminals within the ciliary muscle and the directly surrounding connective tissue of the ground plate, numerous nerve terminals were seen adjacent to the pigmented epithelium of the anterior-most pars plicata. In tangential sections, the terminals appeared as baskets around the basal portions of the pigmented epithelium. Some of the fibers formed small, others complex, terminal arborizations (Fig. 4) . The latter derived from larger parent axons displaying various ramifications with expanded terminal boutons. Although some axons gave rise to a single complex ending, others ramified into two branches developing laminar and tree-like endings. These structures resembled Ruffini endings (Fig. 4 ). Double immunolabeling with synaptophysin antibody showed a clear staining of the calretinin-IR Ruffini-like endings. There were, however, also laminar endings, often adjacent to calretinin-stained endings, that stained for synaptophysin but not for calretinin. Within the basal portion of the processes, the terminals were located mainly adjacent to the lateral region between process and valley of the pars plicata. In these locations, zonular fibers were seen to be attached to the overlying inner basal membrane of the nonpigmented epithelium. Within the ciliary processes themselves, no fibers or terminals were present. Ultrastructural investigation of the ground plate and the basal stroma of the ciliary processes revealed complexes of terminal endings that showed mitochondria and numerous lysosome-like lamellated structures and vesicles. At places, intimate contact with the extracellular connective tissue was seen. Examination of the entire circumference showed no major differences within or between eyes. 
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DISCUSSION
The ciliary muscle is unique among all parasympathetically dominated smooth muscles in the body because it has many of the ultrastructural, histochemical, and efferent innervational characteristics of a fast striated muscle. Indeed, accommodation requires excellent central visual resolution, rapid distance/ near adjustment of focus, and strong tracking and image stabilization. Even maintaining focus on an object at a fixed distance requires constant fine adjustment of crystalline lens shape and position, mediated by the tension of the zonular apparatus, which is, in turn, dependent on the position of the zonular plexus within the valleys of the ciliary body. Therefore, the structures involved in the accommodative mechanism, and perhaps the muscle itself, would be expected to have some sort of afferent mechanism to monitor the state of the muscle's contraction/relaxation and thus the position of the zonular plexus. Our results showed that there are, in fact, several structures within the ciliary body that could serve such functions. Most of these structures stained for calretinin.
The calcium-binding protein calretinin is a member of the EF-hand homolog family of calcium-binding proteins. 36 -38 Calretinin immunoreactivity has been documented in peripheral sensory neurons and in axons innervating muscle spindles, Pacini corpuscles, and Ruffini-like endings. It has, therefore, been suggested that calretinin-expressing neurons innervate particular mechanoreceptors. 16,30 -33,39 Such mechanoreceptor-like structures staining for calretinin are present in the posterior part of the ciliary muscle, especially in the transition zone between longitudinal and reticular muscle tips and their elastic tendons. These posterior tendons of the ciliary muscle insert into the elastic fiber network of the choroid and the anterior extension of Bruch's membrane. During accommodation, the posterior end of the ciliary muscle moves anteriorly, stretching the elastic tendons. During disaccommodation, the relaxed muscle is pulled backward again by the elastic force of the tendons. 40, 41 The posterior muscle tips and their elastic tendons exhibit calretinin-IR terminals that, based on their location and morphology, suggest a robust mechanism for monitoring stretch, whereby the afferent arm is mediated via axons providing input presumably mainly to the trigeminal ganglion and eventually modulating the efferent response via the parasympathetic oculomotor pathway to the ciliary ganglion. This would be extremely important in regulating the accommodation/disaccommodation process and even during maintenance of sharp focus when fixing on a stable object. In addition, it is known that strong miotics can cause occasional retinal breaks and detachments (for reviews see Refs. [42] [43] [44] [45] . Controlled contraction could achieve and maintain the appropriate lens configuration without abruptly stretching the retina. Based on our morphologic studies, however, it cannot be ruled out that the terminals also serve other functions.
In contrast to the posterior elastic tendons, nearly no stained fibers were seen at the anterior elastic-like tendons of the ciliary muscle tips inserting into the trabecular meshwork and scleral spur. However, within the muscle tip itself, large afferent endings were seen, similar to those previously described in the area of the scleral spur. 12 These endings contained no calretinin-IR but stained for neurofilament markers and synaptophysin and ultrastructurally contained numerous and densely packed mitochondria, neurofilaments, and membrane-bound vesicles typical for mechanoreceptors (e.g., also in baroreceptors). 46 -48 The anterior longitudinal muscle serves different functions than the posterior portion. This part has to provide stiffening of the tips before the inner portion of the ciliary muscle can move forward-inward. This stiffening is possible because the anterior elastic tendons contain little elastin, in contrast to the posterior ones; rather, they are surrounded by a cross-linked fibrillar sheath increasing in thickness with age (for review see Ref. 49) . It is assumed that afferent endings in the anterior muscle portion, with its mainly isometric contraction, face shear stress within the connective tissue surrounding the muscle fibers. It is well documented that the connective tissue spaces at the muscle tips decrease in size during ciliary muscle contraction. 50 The inner portion of the ciliary muscle morphologically differs significantly from the longitudinal portion. Earlier histochemical studies of the primate ciliary muscle 3 showed similarities of the longitudinal part to fast type II skeletal muscle, whereas the inner portions had staining characteristics of slow tonic type I fibers. Ultrastructurally, the circular muscle cells contain significantly more mitochondria than the longitudinal ones. Moreover, they do not form tendinous insertion into the overlying connective tissue of the ground plate. During contraction, the circular portion increases in size 50 and forms an anterior inner edge important for configurational changes of the lens. Visualization of the accommodating ciliary body in monkeys after surgical iridectomy and midbrain implantation of a stimulating electrode [51] [52] [53] has confirmed the large amplitude of this forward and inward movement, especially in young animals. It is here in the connective tissue of the ground plate, covering the inner circular muscle portion and separating it from the anterior-most ciliary processes and within this circular muscle portion, that the most numerous and most complex afferent structures are present. Location of the terminals indicates that here, movement of connective tissue fibers by muscle movement and thickening of the muscle fibers themselves can be registered.
Another striking finding, especially in this region, was the presence of a complex intrinsic nerve cell system. These calretinin-IR nerve cells labeled with other neuronal markers and, therefore, representing ganglion cells contacted the muscle cells via their dendrites. It is tempting to speculate that these neurons monitor the state of contraction of the muscle cells directly. Some of the neurons within the calretinin network of the ground plate and within the ciliary muscle show ultrastructural features (e.g., direct connections to the surrounding connective tissue fibers) that suggest direct mechanoreceptive functions as assumed for intrinsic calretinin-positive neurons of the choroid. 34 Thus, the calretinin-IR nerve cells and terminals could measure shape changes of the inner circular muscle portion and, therefore, the state of contraction indirectly. Within the inner portions of the ciliary muscle, Tamm et al. 11 have also described the presence of nitrergic neurons. Our results show that these neurons are surrounded by calretinin-IR synaptic contacts that at least partly derive from the calretinin-IR ganglia in this region. Afferent stimuli do, however, derive not only from the ciliary muscle tendons and its inner portion but also from the ciliary epithelium because Ruffini-like terminals were found directly adjacent to or in the vicinity of the epithelium at the base of the processes of the anterior pars plicata. Here, in the valleys between the ciliary processes, the overlying epithelium is the anchorage of the zonular plexus. 54 It is tempting to speculate that receptor end organs in these locations are necessary for the registration of pull or traction forces that might occur during the process of fine adjustment of the lens during accommodation and disaccommodation.
This entire nervous system at the inner/apical region of the ciliary muscle suggests the existence of an internal loop regulating fine and rapid microcontraction/relaxation of the region closest and most immediately consequential to the zonular plexus and the lens. We hypothesize that the calretinin-IR nerves and boutons monitor stretch in the ground plate and muscle and transmit information to the NO neurons, whose activation relaxes the muscle and thus dampens and smooths the accommodative and disaccommodative fine control of focus, both when changing the focal distance and when maintaining a fixed focus on a static object (Fig. 5) . 
